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Abstract 
Latent cool storage system for air conditioning is largely used in coolness systems. This system includes phase change materials 
(PCMs) contained in plate type capsules. Solidification of PCMs inside these capsules has been formulated by using a conduction 
model. An enthalpy method with finite control volume approach is used. This model has been validated by comparison with 
available experimental results of the literature. The model is then used for numerical study on ice banks of the parallel plate type. 
The temperature and enthalpy history, the heat flow rate and the evolution of the solidified mass fraction are presented and 
discussed. In the extreme conditions, complete loading of the cool storage tank is achieved within 3 h 37 mn. 81% of loaded energy 
is done in 57% of the total solidification time. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Air conditioning imposes a huge electricity load during certain times of day. A phase change material 
(PCM) based approach is to place a PCM storage device in the loop of the air conditioning. By this means 
we can shave the peak of electricity load. Latent cool storage energy technique is getting more attention 
due to high energy storage densities and smaller temperature differences as compared to sensible storage 
techniques. These systems include PCM contained in small capsules. Fundamental investigations in 
thermal storage with PCM are made since more than 20 years. 
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Nomenclature 
 
C specific heat                                    J/kg °C  Greek symbols 
h heat convection coefficient W/m2 °C  ∆x spatial step m 
H specific enthalpy J/m3  ∆t  time step s 
H’ enthalpy controlling value J/m3  ρ mass density kg/m3 
K thermal conductivity W/m °C     
L cavity width m  Subscripts and superscripts 
L cavity half thickness m  k time level  
Lf latent heat of fusion J/kg  l liquid  
n number of nodes   s solid  
T temperature °C  i initial  
q heat flow rate W/m2  f fusion 
T time s  p wall  
X spatial coordinate m     
       
 
Ismail et al. [1] presented an experimental and numerical study on ice banks of the parallel plate type. The 
energy stored, the interface position and the time for complete solidification are presented and discussed. 
Chen et al. [2] has experimentally investigated cold storage in an encapsulated thermal storage tank. 
Turnpenny et al. [3] suggested that for efficient energy storage either PCM should have higher thermal 
conductivity or heat exchanging area between PCM and air should be enhanced. Simard and Lacroix [4] 
studied the thermal behavior of a latent heat cold storage unit. They  calculated optimal plate depth and 
gap between the plates. Zalba et al. [5] have showed that the effects with significant influence in the PCM 
solidification process are the thickness of the capsules, the inlet temperature of the heat transfer fluid and 
the air flow. Wang et al. [6] have analyzed the influence of PCM on coefficient of performance of the 
cooling system. Ismail and Moraes [7] presented results of an experimental and numerical investigation 
on the solidification of different phase change materials encapsulated in spherical and cylindrical shells. 
The authors determined times for complete solidification of water in different glass and plastic containers. 
Teggar and Mezaache [8] solved a unified one dimensional conduction model for solidification of 
spherical, cylindrical and rectangular capsules. The model is used for a thermal comparative study of 
solidification of a PCM inside these capsules [9]. The applicability of the effectiveness as a performance 
measure for thermal energy storage with PCM encapsulated in spheres is experimentally investigated 
[10], the authors established correlations between the average effectiveness and the mass flow rate. 
The latent cool storage unit is loaded (PCM solidified) during night time using cold ethylene glycol 
and unloaded (PCM melted) during day time by indoors warm air. The present paper deals with the load 
period. Temperature and enthalpy variation during this period is presented and discussed. The evolution of 
the solidified mass fraction and the heat flow rate are also investigated. 
2. Mathematical formulation 
The storage unit consists of a latent heat exchanger (fig. 1). It is composed of a set of parallel plates 
(L×2l) having a gap between each two successive plates. The parallel plates are full with water acting as a 
PCM. During the charging period, ethylene glycol as heat transfer fluid (HTF) is circulated through the 
parallel plates and ice builds up. During the discharge period, the indoors warm air is circulated through 
the parallel plates and the previously formed ice layers are melted. 
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Considering the symmetry of the configuration, the domain of the problem to be formulated can be as 
indicated in figure 1 by dash line. The capsules are filled with PCM with known initial constant 
temperature Ti>Tf. Starting at time t=0, the plates are cooled convectively at x=0 with a constant HTF 
temperature T∞ and constant heat transfer coefficient h=220 W/m2°C, while the other faces are kept 
insulated (y=0 and y=L). 
 
Admitting that the thermophysical properties of the water and ice are constants in the operating range 
of -25 to +25°C. It is assumed that the tank is fully insulated; the temperature variation in the y and z 
directions is negligible. However the authors showed in a previous paper [11] that if the thickness of the 
plates are less than 20% of the width, heat transfer can be considered one-dimensional across the 
thickness. The container wall is so thin and of a so conductive material that the thermal resistance through 
the wall is negligible. The subcooling phenomenon is not considered. 
 
 It is necessary to know whether natural convection in the liquid PCM takes place or not. This can be 
known through the Rayleigh number. If buoyancy forces are not large enough to overcome viscous forces, 
circulation will not occur and heat transfer across the liquid PCM will essentially be by conduction. It has 
been shown by Ismail and al. [1] that in a horizontal enclosure of water, the convection regime does exist 
if Ra>1700 which corresponds to a critical thickness of 11.86 cm. 
 
Thus, due to the small thickness of the flat plates, this condition is fulfilled and only heat transfer by 
conduction will be considered. The densities of solid and liquid phases are then equal: ρs= ρl= ρ. 
 
 
 
Fig. 1. Scheme of a latent heat exchanger  
 
One can write the governing equations in case of pure conduction 
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If the enthalpy is the sensible heat in the solid, in the liquid phase it is the sum of the sensible and latent 
heat 
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For uniform heat flux, the heat flow rate is: 
 
)( f TThq p
     
(6)
 
3. Numerical solution 
We partition the computational domain (0≤x≤l) into a finite number n of control volumes, with each 
control volume Vi (i=1,2,..n), we associate a node (xi): a point in the center of Vi. Except the first control 
volume at x=0 which is V1=∆x/2, the partition is uniform Vi =∆x (i=2,3…n) because ∆y=1, with             
∆x=l/(n-0.5). 
 
We apply the energy conservation to each control volume to obtain a discrete heat balance and we use it 
to update the enthalpy Hi of each control volume. 
 
From the equation of state (5), we know that Hi≤0 for solid Vi; Hi≥ρLf for liquid Vi and 0<Hi< ρLf for 
mushy Vi.  
 
Thus, integrating (1) over Vi between tk and tk+1 
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Integrating the derivatives yields 
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Assuming that Vi is small enough for Hi to be approximated by the mean enthalpy inside the control 
volume 
dt
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Temperature variation between two adjacent control volumes is supposed to be linear 
dt
x
TTK
x
TTKxHH kk
ii
e
ii
w
k
i
k
i ³ »¼
º«¬
ª
'
'
 '   1 111 )(
   
(10)
 
Using time explicit scheme, we obtain 
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From which 
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All grid points obey this algorithm except for the first and the last nodes where boundary conditions 
should be taken into account, so for the first and the last nodes respectively 
   kkekk TTKx tHH 122111 2 ''     (13) 
 
»»
»»
¼
º
««
««
¬
ª
'
'

'
' f
x
TTK
K
x
h
TT
x
HH
k
n
k
n
e
w
kk
k
n
k
n
n 11
2
1
W
    
(14)
 
The total heat in the control volume Vi is defined as  
 ksskllkii HVHVHV  
                                                        
(15)
 
Where Vl is the volume of the liquid fraction, Vs the volume of the solid fraction in Vi. From (5) and 
(15) we can write 
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When the phase change front reaches the node i [12] which is in the center of the control volume we 
have Vl =Vs=0.5 Vi and T=Tf. 
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This value noted H’ represents a controlling value to know the state of the control volume (i.e. liquid, 
solid or mushy). 
 
when Hik+1  is smaller and Hik is greater than H’ respectively, this means that the phase change interface 
has just passed through the node i. It is assumed that the enthalpy changes linearly in any time interval, in 
that case the time at which the phase change front is on the node i can be found by linear interpolation. 
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Some oscillations in nodal temperature values around the exact solution are encountered during the 
solidification process. The enthalpy method is the cause of such oscillations in the isothermal phase 
change problems [13].  Numerical application of the enthalpy method produces better results when the 
phase change occurs within a temperature range rather than isothermal phase change. However, increased 
grid number inside the container results in reduction in numerical fluctuations in temperature values. In 
order to get stable results we have to ensure that the coefficients of the temperature value of the 
investigated nodes at the kth time level should be equal to or greater than 0 [14]. We have retained a time 
step ∆t = 0.0478404 s for a grid composed of 81 control volumes (i.e. ∆x=0.062112 cm). Stable results are 
then obtained. 
 
4. Results and discussion 
In order to validate the numerical code, comparison is made with the experimental results of Ismail et 
al. [1]. The authors studied the problem of solidification of water contained between two cold plates. 
 
Water is initially at Ti=22.4°C where the container surfaces are supposed at constant temperatures less 
than the melting temperature T= -14°C. The physical data for liquid PCM (water) and solid PCM (ice) are 
the following: Lf = 333624 J/kg, cl = 4187 J/kg°C, cs = 2031 J/kg°C, Kl = 0.6 W/m°C, Ks = 0.23 W/m°C. 
Because natural convection is negligible, we have ρ=ρs= 920 kg/m3. 
 
Figure 2 shows that the present results agree well with the results of Ismail et al. [1] for the interface 
position. The interface position is calculated from the cold wall of the plates. 
 
Figure 3 presents the solidified mass fraction as a function of time. The solidified mass fraction is 
calculated based upon the interface position. The PCM is initially at T=25°C and the HTF at T∞=-25°. Due 
to the insulating effect of the increasing solidified layer, the rate of the solidification is lower as time 
proceeds. As can be seen also from the same figure the beginning of the solidification process is not 
launched immediately but with a little delay due to sensible heat release before reaching the phase change 
temperature. 
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Fig. 2. Comparison of the present model and the experimental results of Ismail and al. [7] 
 
 
 
 
Fig. 3. Evolution of solidified mass fraction versus time  
 
The time necessary for all of the PCM to change phase is an important parameter in evaluating the 
performance of the ice bank where the PCM system works in cycles. This time for complete solidification 
depends upon the plate’s thickness, the difference between the liquid PCM initial temperature and the 
HTF temperature. 
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Results showed that for a 50 °C difference of temperature between ethylene glycol and liquid PCM 
(water), the ice bank of plates of 2l=10 cm in thickness needs 3 h 37 mn for complete loading for such 
extreme conditions. Analyzed unit is loaded generally by night time during the off peak hours. 
 
The temperature history at the center and the surface of the PCM plates is presented in figure 4. 
Numerical simulations are made for PCM initially at Ti=25°C and the liquid HTF at T∞=-25°. As can be 
seen, the temperature of the PCM is put down to the melting temperature (Tf=0°C). The sensible heat is 
removed before solidification can occur. Then ice builds up as the latent heat is released at the solid-liquid 
interface at the melting temperature Tf. The latent heat is removed by heat conduction to the colder surface 
of the capsule. Then heat is released from the outer surface of the container to the HTF.  
 
Fig. 4.  Variation of the temperature at the centre and the surface of the plates 
 
 
When liquid becomes fully solid, temperature begins to decrease until reaches the equilibrium 
temperature of the liquid HTF (T=-25°C). 
 
Enthalpy field in the same conditions as above is equivalent to temperature field except during phase 
change period of the points under consideration. 
 
A jump in the enthalpy function is observed in the enthalpy value which corresponds to latent heat 
release (fig. 5). In fact tracking the phase change front by enthalpy method is based on values taken by the 
enthalpy function. Where a controlling value H’ corresponding to phase change is used to decide whether 
a point is in liquid, mushy or solid state. 
 
The enthalpy evolution shows that more than 63% of stored energy is in latent heat. Furthermore, 81% 
of loaded energy is done in 57% of the total storage time. The maximum cold energy stored would be 
reached when all of the system reaches the temperature of the liquid HTF. 
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Fig. 5. Enthalpy evolution at two points 
 
 
Fig. 6. Heat flow rate at the surface of the PCM plate 
 
Figure 6 shows the heat flow rate at the surface of the plates in terms of time during the process of cold 
charging of the coolness storage unit. Firstly, the temperature gradient between the liquid HTF and the 
PCM decreases significantly as time proceeds then the rate slows up when the PCM solidification starts up. 
After complete solidification (t=3 h 37 mn) the numerical predictions indicate higher cooling rate. The 
reason for that is the higher thermal conductivity of the solid PCM (ice) which facilitates heat exchange of 
the system. The latent cold energy storage system consists of a set of PCM plates. In this case, the obtained 
 Mohamed Teggar and El Hacène Mezaache /  Energy Procedia  36 ( 2013 )  1310 – 1319 1319
cold energy stored by one capsule has to be multiplied by the total number of plates to calculate the total 
cold energy stored by the PCM storage system. 
5. Conclusion 
A conduction model describing inward solidification of a phase change material (water) inside a 
coolness storage unit of the flat plate type is presented. Although the model ignores the subcooling 
phenomenon, the numerical predictions are consistent and compare well with available results reported in 
literature. In the extreme conditions, complete loading of the cool storage tank is achieved             
within 3 h 37 mn. A proportion of 81% of loaded energy is done within 57% of the total solidification 
time. 
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